Introduction
Alcohol abuse accounts for 3.8% of deaths and 4.6% of disability globally (1, 2). Chronic heavy alcohol drinking causes many adverse health consequences, including alcoholic liver disease (ALD). Several processes have been identified as being involved in ALD pathogenesis. Alcohol intake stimulates adipose lipolysis, thus increasing lipid trafficking into the liver to induce steatosis (3) (4) (5) (6) (7) (8) . Alcohol consumption also promotes hepatic de novo lipogenesis, further worsening liver steatosis (9) . Alcohol and its metabolites directly cause hepatocyte damage, resulting in liver injury and inflammation (10) . Alcohol causes dysbiosis and impairment in intestinal barriers, further increasing liver damage risk (11, 12) . Counterintuitively, modest drinking is known to confer health benefits, including protections against cardiovascular disease, type 2 diabetes, and nonalcoholic fatty liver disease (NAFLD) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) .
Adipose tissue profoundly influences liver metabolism and homeostasis. Humans and rodents have 3 different types of fat, white adipose tissue (WAT), brown adipose tissue (BAT), and beige fat. WAT stores excess energy as triacylglycerol (TAG) and releases free fatty acids (FFAs) to support energy metabolism during fasting. In contrast, BAT and beige fat oxidize FFAs and glucose to produce heat, thus maintaining body temperature homeostasis (23) (24) (25) . BAT/beige fat thermogenesis is mediated mainly by uncoupling protein 1 (Ucp1), which is expressed in a restricted manner in brown adipocytes and beige adipocytes (23, 25) . Ucp1 resides in the inner mitochondrial membrane and mediates proton leaking across the membrane, thereby dissipating chemical energy as heat (24) . Cold exposure potently activates, through the sympathetic nervous system (SNS), BAT/beige fat thermogenesis to combat heat loss in both rodents and humans (26) (27) (28) (29) (30) (31) (32) (33) . Importantly, BAT and beige fat also counteract body weight gain, obesity, and metabolic disease through increasing energy expenditure (24, 25, 34, 35) . However, the role of BAT/beige fat in ALD is poorly understood.
In light of their ability to burn FFAs, we postulated that BAT and beige fat might serve as a sink for plasma FFAs, consequently suppressing liver steatosis. In this study, we used Ucp1-knockout (Ucp1 -/-) mice as a BAT/beige fat-defective animal model to test this hypothesis and used BAT/hepatocyte cocultures and BAT-conditioned media (CM-BAT) systems to identify BATderived endocrine factors responsible for hepatoprotection. Furthermore, we exploited direct alcohol administration into the brain and BAT denervation approaches to elucidate pathways that mediate alcohol activation of BAT. These comprehensive analyses unravel a previously unrecognized brain alcohol-sensing/ sympathetic nerve/BAT/liver axis that counteracts ALD.
Results
Ucp1 deficiency exacerbates ALD in male mice. To determine whether Ucp1-mediated thermogenesis ameliorates ALD, we placed Ucp1 -/and Ucp1 +/+ males on a Lieber-DeCarli diet supplemented with alcohol (5%) for 7 to 8 weeks. Body weight and expression of Ucp2 or Ucp3 in BAT and WAT were normal in Ucp1 -/mice (Supplemental Figure 1, A and B ). Levels of plasma alanine aminotransferase (ALT) (liver injury marker) were significantly higher in Ucp1 -/relative to Ucp1 +/+ mice at 3 weeks after alcohol feeding ( Figure 1A ). Liver weight (Supplemental Figure 1C ) and TAG levels Chronic alcohol consumption causes liver injury, inflammation, and fibrosis, thereby increasing morbidity and mortality. Paradoxically, modest drinking is believed to confer metabolic improvement, but the underlying mechanism remains elusive. Here, we have identified a hepatoprotective brain/brown adipose tissue (BAT)/liver axis. Alcohol consumption or direct alcohol administration into the brain stimulated hypothalamic neural circuits and sympathetic nerves innervating BAT and dramatically increased BAT uncoupling protein 1 (Ucp1) expression and activity in a BAT-sympathetic nerve-dependent manner. BAT and beige fat oxidized fatty acids to fuel Ucp1-mediated thermogenesis, thereby inhibiting lipid trafficking into the liver. BAT also secreted several adipokines, including adiponectin, which suppressed hepatocyte injury and death. Genetic deletion of Ucp1 profoundly augmented alcohol-induced liver steatosis, injury, inflammation, and fibrosis in male and female mice. Conversely, activation of BAT and beige fat through cold exposure suppressed alcoholic liver disease development. Our results unravel an unrecognized brain alcohol-sensing/sympathetic nerve/BAT/liver axis that counteracts liver steatosis and injury.
neutrophil number), and liver fibrosis (e.g., increases in Sirius red areas, hydroxyproline content, and α-SMA + myofibroblast number) were markedly higher in Ucp1 -/than in Ucp1 +/+ females (Figure 2, C-D). The levels of liver cleaved caspase-3, Rip3, and α-SMA protein were substantially higher in alcohol-fed Ucp1 -/relative to Ucp1 +/+ females ( Figure 2E ). Liver ROS and hydroxyproline levels were also significantly higher in Ucp1 -/females (Figure 2 , F and G). To further confirm protection against ALD by Ucp1, we placed Ucp1 -/female mice on an alcohol diet for 6 weeks superimposed with multiple bouts of binge drinking. Plasma ALT levels, liver steatosis, hepatic oxidative stress, liver cell death and compensatory proliferation, ductular reactions, hepatic inflammation, and liver fibrosis were markedly higher in Ucp1 -/relative to Ucp1 +/+ females (Supplemental Figure 3 , B-F). These results indicate that BAT and beige fat also protect female mice from ALD.
Ucp1 deficiency augments acute binge alcohol-induced hypothermia and liver damage. To determine whether Ucp1 also confers protection against acute alcohol-induced liver injury, we administrated a single bout of binge alcohol into Ucp1 -/and Ucp1 +/+ mice. Surprisingly, all of the Ucp1 -/mice died within 36 hours following binge drinking, whereas all of the Ucp1 +/+ mice survived (Figure 3A) . Ucp1 -/but not Ucp1 +/+ mice developed life-threatening hypothermia after binge alcohol intake ( Figure 3B ). Body surface temperatures were also lower in Ucp1 -/than in Ucp1 +/+ mice (Supplemental Figure 4A ). We harvested livers at 24 to 36 hours after binge drinking. Plasma ALT levels, liver steatosis (liver TAG levels and lipid droplet number and size), liver oxidative stress (nitrotyrosine and ROS levels), liver cell death (TUNEL + , Rip3 + , caspase 3 + cells), compensatory hepatocyte proliferation (Ki67 + cells), and liver inflammation (MPO + neutrophil number and cytokine expression) were substantially higher in Ucp1 -/relative to Ucp1 +/+ mice (Figure 3 , C-H). Alcohol intoxication is known to cause fatal hypothermia in cold environments in humans (40) , prompting us to determine whether hypothermia causes alcohol-induced death of Ucp1 -/mice. Alcohol increases heat loss by stimulating cutaneous vasodilation and skin blood circulation (40) , so we raised the ambient temperature from 22°C to 30°C to reduce heat loss. Indeed, core temperature was indistinguishable between alcoholfed Ucp1 -/and Ucp1 +/+ mice at thermoneutrality (Supplemental Figure 4B ). Remarkably, all Ucp1 -/mice survived following binge alcohol intake (n = 6). Likewise, acute binge alcohol intake also induced more severe liver steatosis and oxidative stress in Ucp1 -/mice at thermoneutrality (30°C) (Supplemental Figure 4C ). Collectively, these results indicate that BAT and beige fat crucially protect against ALD in a body weight-independent manner.
BAT suppresses lipid trafficking into the liver and secretes hepatoprotective adipokines. Given that alcohol intake stimulates adipose lipolysis (3, 4, 6, 41), we determined whether BAT impedes trafficking of circulating FFAs into the liver. Chronic alcohol intake increased phosphorylation and activation of WAT hormonesensitive lipase (HSL) in both Ucp1 -/and Ucp1 +/+ mice (Supplemental Figure 5A ), suggesting that WAT lipolysis is relatively normal in Ucp1 -/mice. Plasma FFA levels were comparable between Ucp1 -/and Ucp1 +/+ mice under either baseline or alcohol-treated conditions (Supplemental Figure 5B ), suggesting that the liver rapidly absorbs FFAs and consequently masks plasma FFA elevations. In line with this notion, liver expression of CD36, which mediates ( Figure 1B ) were significantly higher, while hepatocyte lipid droplets were dramatically larger and more abundant ( Figure 1C ), in alcohol-fed Ucp1 -/mice. Liver cell death was substantially higher in Ucp1 -/than in Ucp1 +/+ mice, as assessed by TUNEL assays and immunostaining of liver sections with antibodies against cleaved caspase 3 (apoptosis marker) and Rip3 (necrosis marker) ( Figure 1 , C and D). The levels of cleaved caspase-3 and Rip3 in liver extracts were substantially higher in Ucp1 -/mice ( Figure 1E ).
Liver injury is known to trigger compensatory hepatocyte proliferation (36) ; accordingly, the number of liver Ki67 + proliferating cells was significantly higher in Ucp1 -/relative to Ucp1 +/+ mice ( Figure 1D ). Liver oxidative stress, as assessed by nitrotyrosine ( Figure 1 , C and D) and ROS levels ( Figure 1F ), was markedly higher in Ucp1 -/relative to Ucp1 +/+ mice. Liver fibrosis (Sirius red staining) was undetectable in alcohol-fed Ucp1 +/+ mice; strikingly, we detected abundant liver fibrosis in Ucp1 -/mice ( Figure 1 , C and D). Levels of liver hydroxyproline (fibrosis marker) and expression of fibrosis-related genes (e.g., collagen 1a1 and Timp1) were significantly higher in Ucp1 -/than in Ucp1 +/+ mice ( Figure 1G and Supplemental Figure 1D ). To extend these findings, we analyzed α-smooth muscle actinexpressing (α-SMA-expressing) myofibroblasts responsible for fibrosis (17, 37) . Liver α-SMA + myofibroblast numbers and α-SMA expression were substantially higher in Ucp1 -/relative to Ucp1 +/+ mice (Figure 1 , C-E). Aberrant cholangiocyte proliferation (ductular reactions) is linked to morbidity and mortality (38) . Cytokeratin 19-expressing (CK19-expressing) cholangiocyte numbers were higher in Ucp1 -/mice ( Figure 1 , C and D). Notably, body weight, liver lipid levels, and liver integrity were normal in Ucp1 -/mice placed on the Lieber-DeCarli diet supplemented with maltose (Supplemental Figure 1 , E-G). To further confirm the hepatoprotective function of Ucp1, we placed Ucp1 -/mice on an alcohol diet superimposed with multiple bouts of binge drinking (39) . Body weight was comparable between Ucp1 -/and Ucp1 +/+ mice (Supplemental Figure 2A ). Plasma ALT levels became markedly higher in Ucp1 -/mice at 20 days after alcohol feeding (Supplemental Figure 2B ). Liver steatosis, oxidative stress, injury, inflammation, and fibrosis were substantially more severe in Ucp1 -/relative to Ucp1 +/+ mice (Supplemental Figure 2 , C and D). Collectively, these results demonstrate that BAT and beige fat protect against ALD in males.
Ucp1 deficiency worsens ALD in female mice. To determine whether male and female sex influence the ability of BAT to protect against ALD, we placed Ucp1 +/+ and Ucp1 -/female mice on an alcohol diet for 7 to 8 weeks. Body weight was comparable between these 2 groups (Supplemental Figure 3A) . Ucp1 -/females, like Ucp1 -/males, developed more severe ALD than Ucp1 +/+ females. Plasma ALT levels became significantly higher in Ucp1 -/relative to Ucp1 +/+ females at 30 days after alcohol feeding (Figure 2A ). Liver TAG levels were higher, while hepatocyte lipid droplets were larger and more abundant in Ucp1 -/females (Figure 2 , B-D). Liver oxidative stress (e.g., ROS and nitrotyrosine levels), hepatocyte death (e.g., TUNEL + , caspase 3 + , and Rip3 + cells), compensatory hepatocyte proliferation (Ki67 + cells), ductular reactions (e.g., higher CK19 + cholangiocyte number), liver inflammation (e.g., higher MPO + alleviates liver steatosis at least in part by burning plasma FFAs, thereby decreasing lipid trafficking into the liver. We reasoned that BAT might also protect against liver injury via adipokines. Primary hepatocytes were cocultured with BAT or WAT explants, and hepatocyte death was induced by palmitic acid (PA) treatment. Remarkably, BAT, but not WAT, blocked PA-induced hepatocyte apoptosis ( Figure 4A) . Similarly, CM-BAT FFA uptake, was significantly higher in Ucp1 -/relative to Ucp1 +/+ mice following chronic alcohol consumption (Supplemental Figure 1D ). To further confirm BAT inhibition of lipid trafficking into the liver, Ucp1 -/mice were treated with β 3 adrenergic agonist CL316243, which stimulates both WAT lipolysis and BAT thermogenesis. Liver steatosis was substantially more severe in Ucp1 -/relative to Ucp +/mice (Supplemental Figure 5C ). Therefore, BAT but not WAT (CM-WAT) fully suppressed PA-elicited hepatocyte apoptosis ( Figure 4B ). Consistently, BAT explants and CM-BAT, but not WAT explants and CM-WAT, abrogated the ability of PA to activate hepatocyte caspase-3 ( Figure 4D ). Heat pretreatment abolished the ability of CM-BAT to suppress hepatocyte death and caspase-3 activation (Figure 4 , C and D), indicating that BAT secretes heat-labile hepatoprotective factors. Importantly, Ucp1 deficiency impaired the ability of BAT to protect against PAinduced hepatocyte death; nonetheless, Ucp1 -/-CM-BAT at high concentrations (>75%) still blocked hepatocyte death ( Figure 4E ). We postulated that adiponectin, which is known to protect against ALD (42), might mediate BAT protection against hepatocyte death. Chronic alcohol consumption increased plasma adiponectin levels, particularly medium molecular weight (MMW) adiponectin levels, in Ucp1 +/+ but not Ucp1 -/mice ( Figure 4F ). BAT MMW expression was significantly lower in alcohol-fed Ucp1 -/relative to Ucp1 +/+ mice ( Figure 4G ). Unexpectedly, alcohol intake increased BAT MMW levels while decreasing WAT MMW levels ( Figure 4H and Supplemental Figure 6A ). Ucp1 deficiency increased BAT oxidative stress (Supplemental Figure 6B ), prompting us to determine whether ROS causes a reduction in BAT MMW. We treated in vitro differentiated brown adipocytes with antioxidant N-acetylcysteine (NAC) or with H 2 O 2 . NAC considerably increased, whereas H 2 O 2 dramatically decreased, MMW levels in Ucp1 -/brown adipocytes (Supplemental Figure 6 , C and D). Thus, Ucp1 promotes adiponectin MMW production at least in part through reducing BAT oxidative stress. To determine whether adiponectin mediates hepatoprotection, we pretreated CM-BAT with anti-adiponectin antibody to deplete this adipokine. Preimmune serum (PI) was used as control. Depletion of adiponectin significantly reduced the ability of CM-BAT to suppress PAinduced hepatocyte death ( Figure 4I and Supplemental Figure  6E ). To verify that adiponectin mediates BAT protection again ALD in vivo, we treated C57BL/6 mice with anti-adiponectin antibody while placing them in a cold environment in order to activate BAT. Remarkably, cold activation of BAT substantially attenuated alcohol-induced liver steatosis, hepatic oxidative stress, and liver cell death; adiponectin neutralization significantly attenuated cold protection against ALD ( Figure 4J and Supplemental Figure 6 , F-H). In addition to adiponectin, IL-6 was also involved in protection against hepatocyte death by brown adipocytes (Supplemental Figure 7, A and B) . Collectively, these results indicate that BATderived adipokines (e.g., adiponectin and IL-6) ameliorate ALD.
Alcohol consumption robustly activates BAT. We next sought to determine whether and how alcohol intake activates BAT. Chronic alcohol consumption considerably increased BAT Ucp1 levels in C57BL/6 mice housed at standard room temperature (Supplemental Figure 8A ). Raising the ambient temperature is known to cause BAT inactivation and whitening (43) . We confirmed that at thermoneutrality (30°C), BAT became inactive, with enlarged lipid droplets and decreased Ucp1 expression ( Figure 5, A and B) . Remarkably, chronic alcohol consumption completely prevented warmth-induced whitening and inactivation of BAT ( Figure 5A and Supplemental Figure 8B ). BAT levels of Ucp1 and mitochondrial respiration complexes I, II, III, IV, and V were substantially higher in alcohol-fed mice housed at 30°C relative to maltose-fed mice housed at either 30°C or 22°C ( Figure 5B ). Alcohol feeding also increased BAT Ucp1 mRNA levels (Supplemental Figure  8C ). Accordingly, alcohol consumption markedly increased BAT activity, as assessed by O 2 consumption rates (OCR). OCR was significantly lower in maltose-fed mice at 30°C relative to 22°C; alcohol consumption significantly increased OCR ( Figure 5C ). Notably, alcohol consumption also promoted beige fat induction at thermoneutrality (i.e., Ucp1 expression) ( Figure 5D ). To further confirm alcohol activation of BAT in vivo, we performed cold tolerance tests on mice housed at 22°C. Body core temperatures were considerably higher in alcohol-fed relative to maltose-fed mice following cold exposure ( Figure 5E ). Energy expenditure, as estimated by O 2 consumption and CO 2 production, was also higher in alcohol-fed relative to maltose-fed mice, while respiratory exchange rates (RER) were lower in the alcohol group ( Figure 5F ). Alcohol consumption decreased body weight at thermoneutrality (Supplemental Figure 8D) , presumably by increasing BAT/beige fat energy expenditure. Therefore, chronic alcohol intake potently activates BAT and beige fat, particularly in warm environments.
Alcohol activates a brain/sympathetic nerve/BAT/liver axis. We next set out to identify alcohol target tissues. Primary brown adipocytes and in vitro differentiated brown adipocytes were stimulated with ethanol for 5 to 18 hours. Alcohol did not increase Ucp1 expression ( Figure 6, A and B) . Considering that alcohol modulates neuronal activity, we centrally administrated a low dose of alcohol (5 μl of 40% ethanol, intracerebroventricularly) daily for 3 weeks. Mice were housed at thermoneutrality to reduce baseline BAT activity. Central alcohol injection, like alcohol feeding, largely blocked warm-induced whitening of BAT. BAT TAG levels were significantly lower ( Figure 6C ), while Ucp1 expression was substantially higher ( Figure 6 , D and E) in alcohol-relative to PBS-treated mice. Expression of multiple BAT markers (e.g., Pgc1α, Cidea, Dio2, Elolv3, and Prdm16) ( Figure 6F ) and BAT OCR ( Figure 6G ) were significantly higher in alcohol-treated mice. (D) Primary hepatocytes were treated without (Con) or with CM-BAT or CM-WAT for 24 hours. Cell extracts were immunoblotted with the indicated antibodies. (E) CM-BAT was prepared from Ucp1 +/+ (n = 3) and Ucp1 -/-(n = 3) males (on alcohol diet for 10 days). Primary hepatocytes were treated with PA and CM-BAT. TUNEL assays were performed 24 hours later. (F, G) Ucp1 +/+ and Ucp1 -/mice were fed an alcohol or maltose diet for 7 weeks. (F) Plasma protein was stained with anti-adiponectin antibody or ponceau S dye. MMW levels were normalized to ponceau S levels. (G) BAT extracts were immunoblotted with antibodies against adiponectin or p85. MMW levels were normalized to p85 levels. (H) C57BL/6 males were fed an alcohol or maltose diet for 7 weeks. MMW levels were assessed in BAT and epididymal WAT by immunoblotting (normalized to p85 levels, n = 3 per group). (I) CM-BAT was pretreated with anti-adiponectin antibody or PI. Primary hepatocytes were treated without (Con) or with CM-BAT in the presence of PA. TUNEL assays were performed 24 hours later (n = 4 mice per group). (J) C57BL/6 males were exposed to cold (8°C), binge alcohol, and anti-adiponectin antibody (PI as control). Liver TAG (normalized to liver weight), cell death (TUNEL), and oxidative stress (nitrotyrosine areas) were assessed (n = 4 per group). Data are presented as mean ± SEM. Difference was analyzed by 2-tailed unpaired Student's t test (between 2 groups) or 1-way ANOVA (between multiple groups). *P < 0.05. jci.org Volume 129 Number 6 June 2019
To determine whether sympathetic innervation is required for alcohol stimulation of BAT, we performed unilateral denervation of BAT while the contralateral side was sham-treated as control.
Mice were, after surgery, placed on an alcohol diet for 4 weeks. They were housed at thermoneutrality to reduce baseline sympathetic activity. Denervation did not affect BAT morphology and Ucp1 expression in maltose-fed mice ( Figure 7A ). Remarkably, alcohol intake drastically increased expression of Ucp1 and TH in sham-treated but not denervated BAT (Figure 7 , A-C). Denervation also blocked the ability of alcohol to increase the levels of HSL To gain insights into alcohol-sensing circuits, we assessed neuronal activity using c-Fos as a marker. Central alcohol rapidly stimulated neuronal activities in the rostra raphe pallidus (rRPa) and dorsomedial hypothalamus (DMH), but not in the arcuate nucleus (ARC), medial preoptic area (MPO), and paraventricular hypothalamus (PVH) ( Figure 6, H and I) . DMH neurons monosynaptically activate iRPa premotor neurons, which project to sympathetic preganglionic neurons innervating BAT (26) . Consistently, central alcohol significantly increased levels of BAT tyrosine hydroxylase (TH), a sympathetic nerve marker ( Figure 6D ). cular diseases (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , but the underlying mechanism is unknown. Given that BAT and beige fat confer metabolic benefits by burning FFAs and glucose, we hypothesized that these tissues are the missing link between alcohol intake and health benefits. In the current study, we uncover a neural alcohol-sensing/sympathetic nerve/ BAT/liver pathway that counteracts alcoholic liver injury. We provide multiple lines of evidence that establish a hypothalamus/sympathetic nerve/BAT axis. We found that chronic alcohol intake markedy increased Ucp1 expression in both BAT and beige phosphorylation, mitochondrial respiration complexes, OCR, and MMW adiponectin in BAT (Figure 7 , D-F). Collectively, these results unravel an unrecognized brain alcohol-sensing/DMH/ rRPa/sympathetic nerve/BAT/liver axis (Figure 8 ).
Discussion
The pathogenic consequences of alcohol consumption have been extensively documented; counterintuitively, light drinking is also recognized to ameliorate type 2 diabetes, NAFLD, and cardiovas- to investigate BAT at thermoneutrality (at 30°C). Chronic drinking completely prevented warm-induced whitening and inactivation of BAT. Remarkably, BAT denervation abrogated alcoholic BAT activation, supporting a new concept of an alcohol/sympathetic nerve/BAT cascade. We further demonstrated that direct alcohol injection into the brain, like alcohol feeding, potently activates fat. It is worth mentioning that alcohol treatment was reported to stimulate WAT Ucp1 expression through enhancement of retinoic acid signaling (44) ; surprisingly, alcohol intake was also reported to suppress BAT retinoid signaling (45) . Ambient temperatures, which vary among different animal facilities, are known to influence baseline activities of BAT and beige fat, which prompted us 50), we posit that the brain alcohol-sensing/sympathetic nerve/ BAT/beige fat axis likely confers a broad spectrum of health benefits beyond protection against ALD.
In conclusion, we unravel a brain alcohol-sensing/sympathetic nerve/BAT/liver axis that counteracts alcoholic liver steatosis, injury, inflammation, and fibrosis. This axis may serve as a potential therapeutic target for ALD.
Methods
Animals and ethanol feeding. Ucp1-knockout mice (C57BL/6 background) were from Jackson Laboratory. Male and female mice (7 to 8 weeks) were acclimated to the Lieber-DeCarli liquid diet (Bio-Serv, F1259SP) with alcohol concentrations increasing gradually, by 1% daily, to the final concentrations of 5% over 5 consecutive days (51) . The mice were then fed a Lieber-DeCarli diet supplemented with 5% (vol/vol) ethanol (200% proof) for an additional 7 to 13 weeks. As a control, mice were fed a Lieber-DeCarli liquid diet supplemented with isocaloric maltose (71 g/l). For binge ethanol drinking, mice were acclimated to the Lieber-DeCarli ethanol diet for the first 5 days, followed by 10 days of feeding of the Lieber-DeCarli ethanol (5%) diet. Afterwards, mice were treated with binge ethanol intake (5 g/ kg body weight, via gavage). Mice that displayed fatal hypothermia (rectal temperature below 22°C), inability to move, and other severe symptoms of sickness were euthanized and considered as dead. In a separate cohort, mice were chronically fed an alcohol diet superimposed with binge drinking (2.5 g/kg body weight, twice a week). To avoid binge drinking-induced hypothermia, mice were placed at 30°C for the first 12 hours after binge drinking and then returned to 22°C. C57BL/6 males (8 weeks) were housed for 10 days in an environmental chamber (RIS33SD, Innovative Solutions) at 8°C and treated with a single bout of binge alcohol (5 g/kg body weight, gavage). The mice were treated twice (12 hours and 1 hour before binge alcohol intake) with anti-adiponectin (5 μg/mouse) or PI (control) and euthanized at 9 hours after alcohol treatment.
Thermoneutrality, cold tolerance tests, and blood tests. Mice were housed at thermoneutrality (30°C) in a temperature-controlled environmental chamber. For cold-tolerance tests, single-housed mice were placed at 4°C, and rectal temperature was monitored hourly. Blood samples were collected from tail veins. Plasma ALT levels were measured using an ALT reagent set (Pointe Scientific Inc.).
Unilateral denervation. C57BL/6 male mice were anesthetized with isoflurane and shaved of hair on the nape regions. A lateral incision was made below shoulder blades, and intrascapular fat pads were retracted cranially over the head to expose 5 branches of intercostal sympathetic nerves subserving the left-and right-side BAT pads. The left branch was severed between roots and BAT, while the right branch was treated with a sham operation. The intrascapular fat pad was then returned to its original position and secured in place to the surrounding thoracic tissue and muscle using absorbable 6.0 Vicryl sutures. Mice were allowed 7 days of recovery prior to further experimental procedures.
Central alcohol administration. Mice were anesthetized with isoflurane and mounted on an Ultra Precise Small Animal Stereotaxic Alignment System (model 963, David Kopf Instruments). The skull was exposed, and a small opening was made using a bone drill at the following coordinates: -0.34 mm (a-p), 1.0 mm (m-l), and -2.4 mm (d-v). Intracerebroventricular cannula (C315GS-5/SPC, C315IS-5/SPC, Plastics One) were fixed to the skull using superglue and Teets denture BAT, indicating that brain alcohol sensing triggers activation of the sympathetic nerve/BAT axis. Furthermore, central alcohol directly stimulated neural activities in the DMH and rRPa, key nodes of the hypothalamic circuitry controlling the sympathetic nerve/BAT axis (26) . Collectively, these results firmly establish the brain alcohol-sensing/sympathetic nerve/BAT axis ( Figure  8 ). Notably, alcohol consumption increases brown adipocyte-like cells in heavy drinkers (46) , suggesting that this axis has been conserved in humans.
We found that Ucp1 deficiency profoundly increases the severity of alcoholic liver steatosis, injury, and fibrosis in both male and female mice. The liver was normal in Ucp1 -/mice on a normal chow or maltose diet. In response to acute binge alcohol intake or chronic alcohol consumption, Ucp1 -/mice developed substantially more severe liver steatosis compared with Ucp1 +/+ mice. Conversely, activation of BAT and beige fat by cold exposure markedly suppressed alcoholic liver steatosis and oxidative stress. Notably, liver steatosis occurs in more than 90% of heavy alcohol drinkers and promotes liver injury and inflammation (11, 17, 47) . BAT and beige fat oxidize FFAs to fuel Ucp1-mediated thermogenesis, thereby decreasing circulating FFAs and consequently blocking lipid trafficking into the liver. In further support of this notion, β 3 adrenergic agonist treatment, which stimulates adipose lipolysis and release of FFAs, increased liver steatosis to a markedly higher degree in Ucp1 -/relative to Ucp1 +/mice. BAT was reported to support clearance of circulating FFAs in humans (48) , suggesting that BAT protection against alcoholic liver steatosis has been conserved in humans. Remarkably, BAT or BAT-conditioned medium directly inhibited primary hepatocyte death ex vivo. Depletion of adiponectin or IL-6 attenuated the ability of BAT-conditioned medium to block hepatocyte death. These exciting findings demonstrate that BAT protects against ALD by both secreting hepatoprotective adipokines and burning FFAs (Figure 8 ). Considering that BAT and beige fat are able to ameliorate human NAFLD and metabolic disease (24, 49, 1% BSA, and incubated with the indicated antibodies overnight at 4°C. To assess cell death, liver sections were stained with TUNEL reagents using an In Situ Cell Death Detection Kit (Roche Diagnostics, 11684817910). To assess lipid droplets, liver sections were stained with Nile red (50 ng/ml in PBS) for 30 minutes.
Immunoblotting. Cells or tissues were homogenized in L-RIPA lysis buffer (50 mM Tris, pH 7.5, 1% Nonidet P-40, 150 mM NaCl, 2 mM EGTA, 1 mM Na 3 VO 4 , 100 mM NaF, 10 mM Na 4 P 2 O 7 , 1 mM benzamidine, 10 μg ml -1 aprotinin, 10 μg ml -1 leupeptin, 1 mM phenylmethylsulfonyl fluoride). Proteins were separated by SDS-PAGE and immunoblotted with the indicated antibodies. For adiponectin immunoblotting, experiments were conducted under both nonreducing and nonheating conditions. Antibodies are listed in Supplemental Table 1 .
Real-time quantitative PCR and ROS assays. Total RNAs were extracted using TRIzol reagents (Life Technologies). Relative mRNA abundance was measured using Radiant SYBR Green 2× Lo-ROX qPCR Kits (Alkali Scientific) and StepOnePlus RT-PCR Systems (Life Technologies Corp.). Primers are listed in Supplemental Table 2 . Liver lysates were mixed with a dichlorofluorescein diacetate fluorescent (DCF) (MilliporeSigma, D6883) probe (5 μM) for 1 hour at 37°C. DCF fluorescence was measured using a BioTek Synergy 2 Multi-Mode Microplate Reader (485 nm excitation and 527 nm emission).
Statistics. Data are presented as mean ± SEM. Difference was analyzed between 2 groups by 2-tailed Student's t test and between multiple groups by 1-way ANOVA after Greenhouse-Geisser correction with subsequent Bonferroni's multiple comparisons. P < 0.05 was considered statistically significant.
Study approval. Animal experiments were conducted following the protocols approved by the University of Michigan IACUC.
Data availability. All relevant data are available upon request.
